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TheQuantumTheoryofTransientResonanceRaman
ScatteringincludingI・ightSourceand
ObservationProcess
〆
MasamiKUSUNOKI
Synopsis
Thefullyquantum・mechanicaldescrlptionofthetransientresonanceRamanscat・
teringincludingthelightsourceandtheobservationprocessispresented,whichsatis丘es
automaticallytheuncertaintyrelationsbetweentheenergyofanabsorbedoremitted
photonandthetimeoftheabsorptionoremissionevent,andfurtherwhichinvolves
allthepossibleeffectsoftheradiation-matterinteraction;thelongitudinalandtransverse
radiativedampingsintheintermediatestate,theformationofexciton・polaritonandthe
skineffectinopaquemedium.Thecorrectdefinitionofthetime・resolvedemissionspe・
ctrumisgiven,byintroducingthe"coherenCetime"ofthespectrometerAtcandthe
timeintervalAtoverwhichtheaveragecountingrateistaken.Itisshownthatonly
thephotonsemittedduring〔t-Atc,t〕canbeobservedbythephotoncounterattimet.
Radiativedampingintheintermediatestateisinvestigatedindetailwithoutspecifying
thesystemandtheconditionsonwhichthemomentarityAnsatzforradiativetransi-
tionisjusti丘edarefoundtobeiooserthanthoseappraisedbyToyozawa.
§11ntroduction
Recently,greatinteresthasbeentakenintheproblemhoworwhetherthecon・
ventionalopticalprocessesofresonanceRamanscatteringinanarrowsense,hotlumin・
scenceandordinaryluminescence(abbreviatedasR.S.,H.L.andO.L.respectively)
canbeseparatedfromresonanceRamanscatteringinawidesense(abbreviatedasR .
RS),1Av26)inanticipationthatR.R.S.,transientand/orsteady,wouldbecomeoneof
thepowerfulmethodsforthestudyofdynamicalaspectsofrelaxationprocessesinin・
termediatestatesresonantlyexcitedinmaterialsystems.
Inordertoinvestigatethisproblem,thefullyquantum・mechanicaldescriptionof
theexcitation,relaxationandobservationprocessesinthetransientR.R.S.isrequired,
becausesuchtheorycanautomaticallytakeaccountoftheuncertaintyprinciple(U.P.)
referredtothedegreeofindeterminatenessinthepossiblepresentknowled.geofthe
energyofanabsorptionand/oremittedphotonandthetimeoftheabsorptionand/or
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emissionevent.Thepurposeofthispaperistodevelopesuchquantumtheorywith
theuseofthedensitymatrixformalism.
Experimentally,theextensiveprospectsofthetransientRR.S.forrelaxationstu・
diesintheintermediatestatehaverecentlybeendemonstratedonmoleculesingases8),
liquids9)andsolids24),andself・trappedexcitoninalkalihalides25)andfluorites26).On
theotherhand,sometheoreticalworksoftransientR.R.S.havebeenpresentedand
appliedtosystemssuchasmoleculesingasesll・12・14b)andalocalisedelectron・phonon
system14b・15a・b).Thepresenttheorywouldmakeclearunderwhatconditionsthese
worksaremeaningfu11.Further,itisexpectedthatU.P.intheabsorptionandemis-
sionprocesseswouldplayanimportantroleespeciallyfortheR.S.andH.L.componentsコ
.hi6hdisplayappreciabletime-dependentcorrelationbetweenabsorotionandemission,
notonlyenergybutalsoinpolarization・
Anotherconcerninthispaperistheeffectoftheradiation-matterinteractioninthe
secondorderopticalprocess.ItiswellknownthatitsmostimportanteffectsinR.S.S.
ar6丘rstlythelongitudinalradiativedampingintheintermediatestate,whichplaysthe
roleofremovingthepopulationoftheintermediateexcitedstatetootherstatesnot
reSp・n・ibl・f・・theemissi・n・ ・nce・n・d'5a'28'・・ec。・dlyth・f・ ・m・ti・n・f…it・n'P。1・Ti'
ton7・19"23)andthirdlytheskineffectinsuchopaquemediumasrnetals29・30).. .Thg
fourtheffectisthetransverseradiativedampingintheintermediatestate,whichisone
ofthepossiblemechanismwithlargeStokesloss.Alltheseeffectsareformallyin・
volvedinthepresenttheory.Butinthispaper,weinvestigateonlythefirstandthe
fourtheffectsmentionedabove.Toyozawa15a)hadshownthatthelongitudinal .radiative
relaxationisaMarkovprocesswhentheeffectiveenergy、w三dthoftheexcitedstateis
muchsmallerthantheenergyseparationbetweenthegroundandexcitedstates.But
thisrestrictionseemstobetoosevere.In§5.a,theconditionsonwhichthemomenta・
rityAnsatzforradiativetransitionisjusti丘edwillbefoundtobelooserthan.that
mentionedabove..
In§2,adensitymatrixformalismforthetransientR.R.S.willbepresented,where
bothalightsourceandanone-photoncountingProcessarealsotreatedquantum-mecha・
nically.Fromthe・expressionoftheprobabilityofcountingaphoton,itwillbefound
thattheexcitationprocessmaybeapProximated・classically(§3)buttheobservation
processmustbetreatedquantum・mechanically(§4).In§4,thewayofobservationin・
pludingthespectrometerfollowedbytheone-photoncounterwillbediscussedindetail・
Radiativerelaxationintheintermediatestatewillbestudiedin§5.Asasimpleappli・
cation,R.R.S.bythetwo-levelatomicsystemwillbediscussed.Inthefinal'section,
summaryWithdiscussionwillbegiven..『
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§2Thedensisymatrixformalism
Letusconsiderawholesystemcomposedofamaterialsystem(itshamiltonianH ,
simplyreferredtoas"system"hereafter),alightsource(Hs)andadetectorconsisting
ofaspectrometerandaphoto-counterbehindit(HD),whicharemutuallyfarapart
andconnectedonlythroughtheinteraction■ithapureradiationfield(HR).Thetotal
hamiltonianisgivenby
MT(の=H+H・+Hs+HD+Hh+H、S(の+H、D(t)(2.1)
with
HR－ Σgcqag+ag,
Hiニ
H}s(彦)=
H}D(t)』
whereqrepresents
CityinVaCUUm),
Σq(Hロaa++llq`aq),
ρ'(の=-z〔c?'`'T(の,ρ'(t)〕
(力=
H}ぷ(一。。)-H}D(一。。)-0,
ρ'(-oo)=ρ8ρρD=
whereweput
影 ≡三H十H}十HR≡ 三㌘0十 昂
Σ9{Ilqext(t)ag++nqeXt(t)'ag},
Σ 。{n,obs(のα,++叫obs(t)+ag},
aphotonmodewithwavevectorq,energycq(cisthelightvelo・
polarizationθαandanriihilation(creation)operatoraq(αq+).II¢is
operatorofthesystemandisgivenby
四－v…/・…∫晒)・-i…(・ ・)
wherej(めistheoperatoroftheelectriccurrentdensityofelectronsinthesystemoc・
cupingthespaceV.Hqext(のandfigobs(t)aretheoperatorsofthelightsourceand
thedetector,givingthewaysofexcitationandobservationinthelightscatteringex・
perimentsrespectively.Inthispaper,weassumethat瓦HsandHDmutuallycommute.
Thedensitymatrixofthetotalsystemobeystheequationofmotion
4.(
2.7)
(2.2)
(2.3)
(2.4)
(2.5)
dt
1)withtheinitialconditionatt=-oo
ρ8ρDθ－evkBT/Tr〔θ一2flkBT〕,
(2.8)
(2.9)
(2.10)
andsupPosethatthelightsourceandthedetectoratt=-ooareinthestatesgivenby
thedistributions,ρぷandρ ρ,respectively.
Inthispaper,weareconcernedwiththephotongenerationprocessfollowedby
R.RS.followedbydetectionprocess.Thisprocesscanbedescribedbyasecondary
termintheperturbationalexpansionofρ'(t)withrespectstoboth1ヲ}8(のandHID(()
iftheyareweakinteractions.Inpractice,oneusuallyperformstheexperimentunder
thesituationwheretheback・absorptionofthelightsourceandtheback・emission 、of
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thedetectorarebothnegligible.Then,theonlynon・negligiblecontributionisfoundto
be
'
・,(・)一∫ 二.。dt・∫1..…∫ 二..dt・'∫1..dt・'品・一・(t…-t・)ths…(t・・t-t・)・'(一・・)
H、S(一)(t。"t-t。')・H}D(+)(t、t,t-t3')(2.11)
where
HiS(+)(t。)==Σq■q白xt(彦。)aq+,HiS《　)(to)=Σqllqext(t。)+aq,(2,12)
H}D(+)(t3)=Σ4叫 ・bs(t3)aq+,H}D(一)(t3)=Σallgobs(t3)+ag,(2.13)
and
.H(±)(彦1,t2)=ei(・?←Hs+」UD)t2H(±)(tl)e-∠彫+Hs+」HD)t2.(2.14)
Fromthedensitymatrixρ2(の,onecanobtaintheprobabilitytofindthedetectorina
giveneigenstateld>ofHDbytakingtheexpectationvalue<dlρ2(のld>forthe
detectorandsummingoverallthe丘nalstatesoftheothersystem.Thenetoutcome
ofthisprocedureis
P,(の－T・・Tr{〈dl・・ld>}一〉(∫ 二.。dt・∫二dt・∫二.sdt・'∫二..dt・'
91,q2,ql',pa'
・Trs[H, 、ext(t。,-t。)ρsn,,'ext(t。',-t。')+]Tr〔a、,(t-t3)aqL+(t-t・)ρa、.'(t-t・)
・aa,'+(t-t3,)]・<dlrlg,obs(t3,-t3)+toDIIg,obs(t3'-t3ノ)ld>(2.15)
where
aq(t)11eiMtage-imt,
traceineq.(2.15)whichistaken
matter'radiationsystemreducestothefollowlngsimpleform
Tr[aat(t-t3)ae、+(t-to)ρag、'(t-to')aa、・+(t－彦3')]=
=∫ ㌦ ・Jl
、1'…f,,`j'd`・'∬直 … 一・・・1(tl-'・・一・…(t・-t・)・…t・L・…'…'…一 ・・
・Agi
,4,、91',q、'(t、-t、',t、一 あ',彦・'一 彦・')
with
Al,2:1',2くt、-t、',t,一ち',t、'-t、')≡Tr〔ei・y(t・ 一`・')■,eiＬF(t・一'・)n・+θ →m(tl-tl')
ngeXt(t。,彦)≡eiH・'fiqext(t・)θ一`H・彦,
H,obs(t、,t)≡eiH・t■,obs(t・)emiH・t
InthecaseofR.R.S.,thesecond
(2.16)
(2.17)
(Z18)
overthe
・ρII1'eiM(t2'-tl')II2'+〕.
Inordertoproveeq,(2.19),
(2.19)
・(t・,t2)≡e・・YofleiM(t2'ti)e-iMOt・一 ・・p・[－
weintroducetheS・matrices;
・£`'〃昂(・)]・
(2.20)
S(彦)≡8(ち0),
whereexp土representsthe
towardstheleftandH}(t)
be'
(2.21)
(2.22)
time・orderedexponentialwithincreasing(decreasin9)time
istheHeisenbergrepresentationofHlwhichturnsoutto
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H}(彦)=eiMOfH}e,iMOf=Σ ¢{Hロ+[t]αロ十Hロ[彦]aq+},(2.23)
叫[彦]=叫(t)eicat,叫(t)≡eiH`llqe-`H`.(2.24)
Theoperatoraq,S(t3,to)satis丘esthelineardifferentialequation
[,i,+縦 ・)]・…(t・t・)一・…(t・一'・)一沮,・[t・]・('・,・・) ㈱
Theaboveequationcanbeimmediatelyintegratedtogive
・…(t・…)一 ・(・…)… →f
、。"d・S(t・・ )n・・[・・]・(t・・t・)・(・ ・26)
Similarly,theoperatorぷ(t2,彦o)ag、+isgivenby
・(・…)a・i+一・・…(t・…)+if
,,`'dt・・(t・のH…[・]・(…t・)・(・ ・幼
Substitutingeqs.(2.26)and(2.27)intothelefthandsideofeq.(2.19),wehave,be・
sidestherighthandsideofeq.(2.19)expressingascatteringprocessofabsorption
followedbyemission,someothertermsrelatedwithascatteringprocessofemission
followedbyhbsorption.InR.R.S.,however,theformerwouldbearealprocess
satisfyingtheenergybonservationwithanaccuracytobedeterminedbyU.P.butthe
latterisalwaysavirtualprocessandthereforemaybeneglected.Thus,wearriveat
eq.(2.19).
Now,substitutingeq.(2.19)intoeq.(2.15)andputting
ψ。(の≡ ∫1…nq・x・(t・,一・・)～… 「・,(・28)
weget
Pd(')一Σ 三 ∫〔 蹴 ・・〈dl・・,.・b・(・,-t・)・ρ H,.・b・(t・',-t・')1・〉(・. ・)
92,42'.
with
・,・,・'('・,・・')≡Σ 三 ∫ 乏 ・∫ 〉 ・∫1'dt・'J
-1'…'e-・・av・一)・ 　 '・'・一'・..
ql,92'
・Age,q,'、9。91くt、-t、',t、-t,',彦、'-t、')・〈 ψ,、'+(t、')ψ,、(t、)〉ぷ,(2.30)
where
processitself・oneobservesthatε}givenstateId>
photoelectroninthewellde丘nedexcitedstates
certainprobabilityR(d)toberevealed.Thus,
babilityP(彦)ofcountingaphotonisobtainedbytakingtheprocedure
P(のr?
.R(・)Pd(')一Σ 三 ∬L… 嚥 ㌶(…t・'212.R(・)〈・IH…b・(…一'・)・
92,92'
.ρDIIq,'obs('3',-t3')ld>.,(2.32)
〈 …>8≡7■rs[ρ ぷ…].
Asforthedetection
pondstotheproductionofa
detector.Thiselectronhasa
(2.31)
corres・
ofthe
thepro・
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§3Thewayofexcitation
In§2,itwasfoundthattheopticalexcitationofthesystemcanbedescribedby
thecorrelationfunction
〈 ψ,、'・(・・')ψ,、('・)〉・一 ∫1漉 ・∫ ごdt・'・'・1(ピ1)　・1'・'・'一'・
・<rlq l'ext(t。',一'。')+H,、ex`(t。,-t。)>s.(3.1)
Whethertheincidentpulsecanbeapproximatedbytheclassicalvectorpotentialornot
dependsonhowitissuppliedbythelightsource.Bytheuseofthevectorpotential
A,(r,t)=Aieiφk、(t－品 ・r/ω1)θ一ゴ(ω1'一兎1'r)(3.2)
thelefthandsideofeq.(3.1)isdescribedby.
・<ψ,、'+(彦 、')ψ。、(tl)>s=δσ。鳶1δ。1'
,鳶1φゐ1*(t、')φ先1(t、)θ一ゴω1(彦一'1')(3.3)
where克1≡(〃1,θ1,ω1(≡ck,)).・
Thisclassicalmodel(3.3)statis丘estheuncertaintyrelationintheabsorptionprocesslo).
§4Thewayofobservatioh3・)
Inthispaper,weshallrefertotheusualexperimentalsituationwhereweusea
shutter,aspectro皿eter(orprism)andapolarizationfilterbeingarrangedbetweenthe
systemandthephotoncounter.Theroleoftheshuttercanbedescribedbyaswitch・
ingfunctionσ(')whichtakeslorOaccordingasitisopenedorclosedattimet.
Thespectrometer(orprism)makespossibletoselectaparticularphotonwhos6wave
vector.isput〃2,asfarasthespreadsofthesystem,thespectrometerandthewindow
ofthecounterare ,allnegligiblysmallcomparedwithanyoneofthedistancesbetween
them.Inpractice,however,anyphotonwithdifferentwavevectorq(≠k2)entersinto
thecounterwiththeprobabilitydistributionf(q-k2)owingtothefin託eresolution
power.Thefunctionf(q-k2)comesessentiallyfromtheFourieranalysisofscattered
wavesina丘nitespaceVDinsuchawayas
プ(q-k・)-V・-1L・ei・・一・・)・r・'(…)
Moreover,thefunctionofthepolarizationfilterissupposedtobecomplete,thenwe
haveeq=¢2afterfiltering.Furtherwemaysupposethatthephotonco皿tercontains
agreatnumberIVofindependentidenticalatoms,eachatomfreetoundergophotoele・
ctriceffect,afterwhichtheejectedelectronisobserved.Then,inthedipoleapproxi.
mation,Hgobs(のcanbewrittenas
叫obs(t)ニ σ(の δe¢,e2f(q-k2)、Eg・ΣPieiq'rl(4.2)`=t
whereriandpiarerespectivelythepositionvectorandtheelectricdipolemoment
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operatorofthei'thatom(i=1,…,N),andEaisgivenby-
Eq=i・vi2・cσeg.(4・3)
Fromeqs.(2.29),(2.31)and(4.2),itisseenthatthephotondetectionprocess
canbedescribedbythequantity
ΣR(d)<dlff。 、obs(t,,-t,)+ρDH,.obs(t、',-t,')ld>=σ(t,)σ(t、')f(q-k・)f*(q・'-k・)け〉
・S(t3-t3'):Eq、E*q、'Σei(σ・-k・り…`(4.4)《二l
whereq2≡(q2,e2,cq2),q2ノ≡(q2,,θ2',cq2ノ)andthetensorS(t)summarizestheresponse
ofthedetectingsystemofanatomandisgivenbytheFouriertransformofthesen・
sitivityfunction
S(ω)=2π ΣR(d)〈dlpδ(ω －Ed十HD)ρDPld>.(4.5)
Id>
Thatis'
・(t・一・・')一・/(・・)∫:d・S(・)・i・・t・　 …(…)
4.aTheconditionforthedetectiontime
LetusdenotethefrequencyrangeoverwhichS(ω)isnearlyconstantaroundthe
relevantfrequency二 ω2(■ck2)byδ ぷ.Exactlyspeaking,asseenfromeq.(2132)wi出
(4.4),S(彦3-t3ノ)behavesasaδ ・functiononlywhenδsisInuchlargerthanan.inverse
ofthevariablerangeoft30rt3'whereσ(彦3)=1,aswellasallthecharacteristicfre・
quenciesofthetimedevelopmentofnq,¢ 、'(t3,彦3ノ),givenbyeq.(2.30),withrespectto
t3and/ort3'.Thisimpliesthatthephotoelectrictransitionofthedetectingatomic
systemoccursduringδ ぷ一1.Thisfactsetsalowerlimitδs-10nthedetedtiontime,so
thatthetemporalvariationsofnq,g、'(t3,t3')withhigerfrequencythanδ8cannotactually
beobserved.Thedetectiontimeat'tisgivenbyt-Tointhecasewhen
9(t3)θ(t3-To).(4.7)
Then,theaboverequirementisexpressedas
(t-To)δぷ》1.(4.8)
4.bTheroleofthespectrometer・
Ontheotherhand,wemayactuallysupposethatIVindependentidenticalatoms
aresimultaneouslyilluminatedbythelightwhichhaspathedthro旦ghthespectrometer,
1.e.
f(q2-k2)f*(q2t-k2)Σei(α2-a2')'ri=Nf(q2-k2)f*(q2ノーk2)..(4.9)
i=1
Further,letussupposethatthesizeoftheelectronicwavefunctionismuchsmaller
thanV■sothatwemayput
Ilqf(q!2-k2)三二■k、f(q2-k2). .(4.10)
Then,the.physicalroleofthespectrometeristointroducethefollowingrestriction
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factorintothet8・integralinP(t),
f。.・∫dq/(・・)・e・a-k・)・一・ c・一…(t・-t・)・(4.・ ・)
WedonotlosethegeneralitybyassumingthattheformofV.isawideandflat
boardofthethicknessc/dtcwiththeplaneperpendiculartok2.Then,(4 .11)isgiven
by
Σf(q-k2)e-i(c9-ca2)(t3-t2)=θ(dtc-1t3-t21)(4 .12)
q
whereingeneralAtcshouldberegardedasthe"coherencetime"ofthespectrometer .
AccordingtoUP.,itisre!atedwiththespectralresolutionpower∠ ω。ofthespectro・
meterlikeas
dtc・∠ωc=2π.
P(・C・f
.。凌 ・・(・・・・・・・…'・)
withthetransientR.RS.
・(・・・・・・・・・…)≡ ・・て・撫
4.cTheaveragephoton.countingrate
Fromeqs.(2.30),(2.32),(3.3),(4.4),(4.7),(4.9),(4.10)and(4.12),
ragenumberofcountsP(t)recordedinthetimeintervalt-Teisgivenby
t
(4.13)
theave－
ef五ciencyde丘nedby
・∫ジ ・嘉'f .12'・…¢ ,(t・)φ1*(t・')
・exp[-iω1(tl-tl')十ゴω2(t2-t2ノ)]A(t,-tl'
,t2-t2',t2ノー 彦1'),
一'E
2E,*,
(4.14)
C2N4',S(ω2)
whereweput
E⊆ ⇒v!2π ω,e,
ノ1≡A克 、,た、;た。ゐ1
(4.15)
(4,16)
(ω2≡三ck2),(4.17)
(虎1ニ(k,,θ1,ω1),andk2=(k2,■2,ω2)).(4.18)
Fromeq.(4.14)wecande丘netheaveragecountingratebetweentandt十Atbytak・
ingthe五nitedifferenceasfollows
・(k・・k… ⑭ ≡{P(・+・-P(の}/A・=(C2/・t)∫㌦ ・(le・・…'・・…)・…(・.・9)
Itshouldbenotedthattheabovede丘nitionismeaningfulonlywhen
∠'・δぷ》1 (4.20)サ
TheFeynmandiagramfortransientR.RS.describedbyeq.(4.19)isshowninFig .1.
Thephysicalmeaningofthisexpressionisalmostobvious;Thetotalsystenlcom.
posedofthematterandtheradiationfieldstaysinitsinitialgroundstateunti1'10r
tl'whenitisexcitedbyanincidentphotonof克1withtheintensityφ 先、(t1)orφ先、(t1'),
thenitpropagateswithinthe"intermediate"excitedstateuntil'20rt2'whenitisde-
excited.byemittingaゐ2photon.Butonlythephotonsemittedduringt3-∠'`<t2(t2')
<tshavethedetectableamplitudesonthecounterattimet3.Thisconclusioniscon・
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Fig.1PiagramslortransientR.R.S..Onlythephotonsemittedattimes'2(t2')where
'3-〃c<'2(t2')<t3canbeobserved.This丘1teringfunctionisdepictedinthe
upper・rightcorner,whiletheenvelopeofincidentpulseΦ念,(t1)doneintheupper-
1eftone.
sideredtobephysicallyimportantbecauseitshowsthattheexcitationandtheobser・
vationeventscanbearbitrarilyseparatedintime.Finally,wemusttakeaverageof
thetransientR.R.S.e伍ciency3(k,,ゐ2;'3,∠tc)overthetimeintervaB〈t3〈t十 ∠'in
ordertoobtaintheaveragephoto'countingrate1(克1,ゐ2;t,∠',∠'¢),where∠ 云mustbe
muchlargerthanthedurationtimeofthephotoelectrictransitionofthecounting
atOm1C'SyStem・
Usually,themeasurementsofthetimeresolvedemissionspectrumwouldbeper・
fbrmedunderthecondition
δs-i《dt《Atc.
Then,wemayput
1(k、,2,,,
(4.21)
虎:t∠tt∠ftc)=C,S(k1,k2;',∠ltc)(4.22)
Inordertoseethis,wemakeachangeofvariablesfromaset(tl,'1';t2,t2')toanother
set(σ,5;μ,m)accordingto(seeFig.1)
σ=彦1-tl',5=(tl十 重1')/2;μ=t2-t2',m=(t2十t2ノ)/2-t.(4.23)
Then,eq.(4.15)with(4.18)and(2.20)canberewrittenas
・(k、,k2;t3,∠t,)一▲£ ,迦∬惣 ㌘ 砲∫箕 忽:ン ・
・φkl(5十σ/2)ipkl*(s－σ/2)¢一`ω1σ+如2μA(σ,μ,彦3十m-5十(σ 一 μ)/2)(4.24)
with
　 　
A(σ,μ,τ')=Tプ[eiMτ'flk,+工[髭.(μ)θ－iMτ'r[ゐ1+(σ)ρIIた1].(4.25)
Itisfoundthatthetemporalvariationsofthecorrelationbetweenabsorptionandemis・
sionwithhigherfrequencieSthan2π/∠'。canIleverbeobservedduetotheaverageon
moverAtc.Underthesituation(4,21),thescatteringe伍ciency(4.24)wouldbecome
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nearlyconstantintheranget〈 云3〈t十At.Thus,theapproximation(4.22)
justi丘ed.
Ontheotherhand,thequasi・continuoustemporaldetectionof
wouldbecarriedoutaccordingtothefollowingprocedure;
・(・・…)弓}i隅,。1、・;,、∫1… 碧・(・… ち・鋤 ・)
・whichisanoppositesituationtoeq.(4.21),
hasbeen
emittedphotons
∠ftc《δぷ－i≦ ∠lt.
(3.26)
(4.27)
§5Radiativeintermediatestateinteraction
Inthispaper,weconsideronlythecasewherethematter・radiationinteractionis
exceedinglyweakcomparedwithallthenon・radiativeinteractionsinthesystem.Then,
thesystemasawholeundergoesbothlongitudinalandtransverseradiativerelaxations
intheintermediatestate.
Now,withtheuseof5・matrix(2.21),thecorrelator(4.18)or(220)canbeexＬ
pressedas'
A(t、-t、',t、一 ち',t,'-t、ノ)≡Tr[S(。 。,t,)■,(t、)S(t、,t・)H・+(のS(彦・)'
・ρS+(彦1')II1(tl')ぷ(ti',t2')II2+(t2ノ)S(t2',oo)]'(5・1)
where]工1andn2standfornkiandnた2respectively.
SillcewecanusuallyneglectHrintheinitialgroundstate,wecanwrite
S(tl)ρS+(tl')=ρ=ρMρR(5・2)
where
ρM=・θ－H/kBT/7■r〔e-H/kBT]andρR=θ 一石「h/k.T/Tプ[θ－HR/kBT],(5.3)
Further,theradiativefinal-stateinteractionwhichisdescribedbythepartofTア[S(o。,
t2)…S(t2',oo)]in(5.1)doesnotplayimportantrolesinmostcasesandhereisneg・
lected.Then,eq.(5.1)canbeapproximated.as
A(t、一 τ、',t,-t、',t,'-t、ノ)=
=二くII1(tl')〈S(tl'>t2')II2+(t2')II2(t2)S(t2,彦1)>Rnl+(tl)>M(5.4)
where
〈 … 〉 π ≡Tr[ρ 〃 …]and<…>R≡ ≡Tr[ρR…]..(5.5)
Inthecalculationofanaverageofthetype<8(tl,t2')…S(t2,tl)>Rwetakeaccount
ofsuchtermswhichareshowninFig.2(a)and2(b).
5.aThelongitudinalradiativedamping
ThefirstterminFig.2(a)includingnotransverseradiativedampingsisexpressed
as
A。(t、-t、',t2-t、',t,'-t、')
=<II1(tl')<S(tl',彦2')>RII2+(t2')II2(t2)〈S(あ,tl)>RII1+(tl)>M.(5・6)
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Fig.2Diagrammaticrepresentationoftermscontributingtotheradiativeintermediate-state
interactioninthecaseofweakcoupling.Thesolidverticesandthewavylines
representH,andphotonpropagatorsrespectively;apairofverdcesatτlandτ2
connectedbyawavylinearecombhledtofbrmapaircorrelator〈H1(τ1)・Hど
(τ2)>R;(a)Thestepsintheladderdiagramsdepictthetransverseradiativedam-
pings;(b)Theboldsolidlinesrepresentthepropagatorsofthesystemsubjected
totheIongitudinalradiativedampings.
Sincetheelectron・photoninteractioninlinear,theoperator<S(t2,tl)>Risexactly
givenby
〈 ・(t・・の 〉 ・一 ・・p[h〈・(t・の 〉 ・]一・…[-f
、,`'d・・f、,T'dT・A(・・…)](…)
.
with,
A(τ2,τ1)≡〈H,(τ2)昂(τ1)>R=Σ ロHg+[τ2]叫[τ1](5.8)
whereweputnq≡<aq+ag>二 〇..
DenotingtheeigenstatesofH .byEゴ,E〆,Emetc.,weintroducetheoperatorof
longitudinalradiativedampingrateafterToyozawa15a)
〈 元1γ(E)1元'〉≡ πΣaΣm〈 ノlr[q+im>〈mlJ]lql元ノ〉 δ(Eプ ーEm-cq-E)(5.9)
whichworksintheintermediatestatesl元>andl〆 〉.Bytheuseofit,theoperator
/1(τ2,τ1)canbeexpressedas
.A(・…)一 ・一・∫ ンE・ …(・2)・-i・… ・・),(…)
where
γ(刀)(τ)=eiHvγ(E)θ『iHτ.・
Then,the丘rstintegralof/1(τ2,τ1)appearinginexponentof(5.7)canbe
asfo110ws
f、,t'd・・A(・…)≡ π一・∫:dE'∫:砿 ち・… 　 一　 γ…(・ ・)・(E')・　
一 ∫ ンE'e・　 ・(E囎 1(・)一・一'[?1-tr)(・・)。、.ffr.r…(・・)
where
(5.11)
calculated
r`(E)≡ γt.(E)十i∠1`(E'}一ー一>r(E'),
t→o◎
(5.12)
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・t・・')≡∫1・E・…s・・[(E-E')・]/(E-E・)=・・…(…4)
A'・・'・≡∫:dE・・E・[・一…(E-E・)t〕/(E-E・)二…'・・(5・ ・5)
Bytheuseofanarrowintheaboveeachequation,wehaveindicatedwhatthe
quantityoftheleftreducestointhelongtimeapproximation.The(τ2一 τ1)-depen・
denceofeq.(5.12)impliesthatthelongitudinalradiativerelaxationisgenerallyanon・
Markovprocesswhen(τ2一 彦1)～δγ一1whereδristheenergyintervaloverwhichγ(E)
variesappreciably.Asseenfromeq.(5.9),〈 元1γ(E)1/>asafunctionofE丘rstly
increasesmonotonicallyasEdecreasesapartfromEj'-Egandthendiminishesgradu・
allyforverylargenegativevalueofE,duetothefactthatM∂nqisconstantforsmall
qbutvanishesforverylargeq,whereEgisthelowestenergy.Therefore,wecan
estimatethat
δγ～ 」EプーEa～ ω1.(5.16)'
Ontheotherhand,bydenotingtheeigenstatesoftheinitial,theintermediateand
thefinalstatesbylm>,1元>andln>,weintroducethematrix;
<nl72i(E)1m>≡≡ π Σ ゴ〈nlfi21ブ〉<∫lH1+lm>δ(E－ ω1十Ej-Em).馳(5.17)
Itisapparentthat2〈mlrn(o)lm>representstheabsorptionspectrumofthesystemin
thestatelm>andtheE-dependenceofeq.(5.17)determinesthedurationtime<彦2-
tl>ofthesystemintheintermediatestate.Ingenera1,theinverseFouriertransform
ofeq.(5.17)decayswithaperiodicoscillationsast2-tlincreases,wheresomedecaying
modeswouldappear,eachapproximatelyspecifiedbythefrequencygpandthedamping
constantδr.Thiscomesfromthesituationwheretheenergyspectrulnofeq.(5.16)
iscomposedofsomebands,eachspecifiedbythepeakpositionE=9pandthehalf
widthδr.Inmostofthesystemsweareconcernedwith,thefollowingconditionsare
satis丘ed
<t2-t1>～ δP-i》ω1-1.
Forlargesystems,
δr～ ω1holds.Butthe
suchprocessinthesensethat
の1≡1
(5.18)
theremayhappentooccursomeexceedinglyrapidprocessforwhich
effectofthelongitudinalradiativedampingisnotimportantfor
∫直 τ・… 《・・ (5.19)
Inanycases,fromtheaboveconsideration,itmaybesupposedthattheradiativetransi・
tionisamomentarityeventcomparedwiththedurationtimeofthesysteminthe
intermediatestate.Thus,fromeqs.(5.6),(5.7)and(5.12),weget
A。(t、-t、',彦2一彦、',t,'一彦、')=
=<e_iH(t「tl')fiiei(H+ir{・})(t2-t2')r[2+eiH(t2-t2f)ll2e-i(H-iP《o))(t2-tl)II1+>M…(5.20)
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whereweusedtheidentity
e-・H・e・p[-f
,,`'・・r…(・)]e・Htl-e-i・H-・…))(t・-tl)・
(5.21)
Here,itshouldberemarkedthat1「 《o)isanon'diagonaloperatoroflongitudinalradiative
relaxationwhichhasamatrixelementbetweenanypairoftheintermediateeigenstates
whichincludenotonlytheelectronicexcitedstatesbロtalsotheelectronicgro皿dstate.
Therefore,theformula(5.20)isapplicabletomanyproblemsincludingtheintersystem
crossing,theexciton・polariton7・19～23)andtheoccurrenceornon・occurrenceofＬF・center
luminescenceinioniccrystals27)andsoon.
5.bThetransverseradiativedamping
Then'thordertransverseradiativedampingdescribedbyAn(tl-t1ノ,t2-t2',t2t-t1')
isanalogoustothen・acousticphononR.R.S.atT=Ointhesystemwithlinearelectron・
phononcoupling.Thetransverseradiativetransitionmustoccurduringthetimeδ γ一1
duetothesamereasonasthatforthelongitudinalone,sothatthecorrelators/ln,n=
1,2,…,areappreciableonlywhentheconjugatetimedomains[t、,彦2]and[t、',t2']of
theintermediatestatesoverlap,i.e.T1<T2whereT,≡Max(tl,tl')andT2… ≡Min(t2,t2').
Thereforre,inthelongtimeapproximation(i.e.t2-tlandt2'-ti'》 δγ一1),thefirstterm
canbewrittenas
A・=・(T・-T・)疋 舳'Σ ・・i・… 一・・<・一・H・tl－町 ・・1・　 ・…)(・'-tl')…
・e燗+i「`O})('・一・')H、+eiH(炉'・')■,θ一ξ(H-i「`e))(t・一・)ffqe-i(HLi「`O})(・-tl)
・II1+>M. (5.22)
Asthemostsimplesystem,letusconsiderafour・levelatomspeci丘edby
HV=
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
●, 璃=
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
(5.23)
ExceptfortheRayleighscatteringcomponentdescribedbyAo,theinelasticscattering
isdominatedby/11thoughanothernon・zeroterm(i.e.∠42)exists.Fromeq.(5.22),
wehave
A、=IM,ルt、+12ei・,・(tl-tl')一ω・1(炉ご・')一γ(t・+t・一'1-tl')
4sin2[(T2-T1)(cq－ ω32)/2]θ(T
2-T1)(5.24).・ΣqlMg12(
cq－ ω 、2)2
whereω`」=E`-E/andr(o)wasassumedtobeaconstantγ.Itisfo皿dthatwhenT2
-T,》 ω82-1arealtransitionoccursfromtheresonantelectronicstatel3>tothelower
electronicstatel2>byemittingaphotonwiththeenergy～ ω32キ(T2-T,)-1.
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§6ApPlicationtotwo・1evelatomicsystem
Inthissecttion,thetheorydevelopedinthepreceedingsectionsisapPliedtothe
transientRR.S.byatwo・levelatombeingsubjectedtoonlytheradiativedamping.
Thissystemisdescribedby'
⇒90+ε;〕・・ ⇒ll}r… 一・閤(・ ・)
Then,thecorrelator(5.20)hastheform
∠40=IM14ei(ε－iγ)(tl-t2)一`(ε+iγ)(tl-'2').(6.2)
ThetransientR.RS.e伍ciency(4.14)isgivenby
・(k・・・・・…)一 ▲
,∫1㍑ ・∫ ン ・φ・1(・・)ei…一・+・γ…-i・ω1-…γ・t,12(…)
whichisapplicabletoanypulseexcitation.
Firstly,letusconsiderasimplesituationwherethereisnooverlapbetweenthe
excitationandtheobservationprocesses,i.e.wesupposethatφk!(tl)=Ofor彦1>t-Atc.
Then,thephasecorrelationbetweenabsorptionandemissionisdecoupled.Therefore,
thescatteringe伍ciency(6.3)issimplyresolvedintotwofactors,i.e.theoccupation
numberoftheexcitedstateρ(k,,t-Atc)andtheemissionspectrumFθ(是2,Atc),
5(々ユ,為2;t,∠ltc)=ρ(た1,t-∠ltc)1汀e(々2,∠ftc)/∠ftc(6.4).
with
・(』 ・・)≡M・ ∫ ㍑ ・一・・ω1-・・'1+・・tl-・±Atc・φ 1(・・)2.(…)
F・(k・…)-IMド1=2cos∠ 篶:≒;毒 物 一2'"`e・(…)
Forexample,whenφkl(tl)isgivenbyθ(∠lt1/2-ltユD,ρ@1,彦 －Atc)becomes
ρ(え1,t-∠ltc)=Fα(k,,∠rt,)e-2γ(t-Atc-zitl/2)fort>∠lt十∠lt,/2,(6.7)
where
1-2cos:(ω、一 ε)zft、e-rAti+e-2触Fα(虎
、,∠の=1ルtl2(6.8)(
ω、一 ε)2+γ2
istheabsorptionspectrumwhichistheoscillatingfunctionofω1一εwhenγ ∠tl≦1.The
emissionspectrumisalsotheoscillatingfunctionofonly(ω2一 ε)whent>Atc十 ∠'1/2.
ThisisascribedtothefinitenessofthecoherencetimeAtcinherenttothespectrometer
comparedwiththerad▲ativelifetimeγ 一1.
Secondly,letusconsideranothersituationwhere∠tcislargerthantheduration・
timebetweentheabsorptionandthephotocounting(attimet)processes.Then,the
excitationandobservationeventsoverlapandallthephotonsernittedarecountedat
timet.Asaresultofit,theemissionspectrumistheoscillatingfunctionofnotonly
ω2一 εbutalsotinthetransientstage.Forexample,inthecaseofwhiteincidence
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φた1(の=limθ(At,/2-lt,1),wehave'
∠'「・o
・(k・k・・ …)=(6ii21Ml・F・(・,の .(・.・)
for重く ∠ftcandlitiltOi－ε十iγ1《1.
Finally,weconsiderthestationarysituationwhichcanberealizedbyputtingφた1(t、)
=θ(のand彦 γ→o。 .Duetothefactthatthecoherenttime∠z。is丘nite(weareconsi-
deringawavepacket),eq.(6.3)doesnotdivergeandapproachesto
・(k・k・… の=M・(
。、-5・+,・4si叢蕊 巽)/2(・ …)
whichreducestothewell'knownscatteringratefor∠lt,γ》1.
Intheaboveargument,ithasbeenfoundthatthecoherenttimeofthespectro.
meter∠tcplaysanimportantroleinthetransientR.R.S..
§7Summaryanddiscussion
Inthepreceedingsections,wehavepresentedthequantummechanicalformulation
ofthetransientRR.S.includingtheexcitationandtheobservationprocessesinthe
wavepacketpicture.Theincidentlightmaybetreatedasaclassicalelectromagnetic
waveinvacuum,whiletheobservationprocessisusuallycomposedofthetwosucces・
siveanalyzers,i.e.thespectrometer,whichisessentiallycharacterizedbythecoherence
timeAtc,andthephotocounter,whichrequiresatleastthefinitedetectiontime∠τsatis・
fyingeq.(4.20).U.P.intransientR.R.S.isautomaticallytakenintoaccountin'this
fullyquantummechanicaltheory.Further,itwasshownthatthehamiltonianentering
thefourtimecorrelationfunctionofthepolarizationoperatorIlaofthesystem,eq .
(2.20),shouldbethetotalhamiltonianofthematter-radiationsystem.
Oneoftheimportantconclusionsisthatonlythephotonsemittedillthetimeregion
ts-Atc<t2<t3arecountedbythephoto'counterattimet3十R/cwhereRisthedistance
betweenthesampleandthecounter.Thisrestrictiononthet20rt2/integralineq.
(4.15)canbeutilizedasatime丘lterwhichisopenedduringAt。atanytime.Quanti'
tatively,theactualfilteringfunctionwhichentersthet2・integralwouldnotbeastep
functionbutisgivenbythelefthandsideofeq.(4.12)(seeFig.1).
Intheusualsituation(4.21)toobservethetimeresolvedemissionspectrum,the
averagephoto・co皿tingrateattimetisproportionaltothetransientRR.S.e伍ciency
atthattimeasshownin§4.c.Thisjusti丘estheapproachmadebytheauthor.12)
In§5,itwasshownthatthemomentarityAnsatzmadebyToyozawai5a)withres・
pecttotheradiativerelaxationintheintermediatestateholdsfor・moregeneralsystems
than'thosespeci丘edbyhim.Itshouldberemarkedthatthisgeneralizationisparticularly
importantinsuchproblemsastheoccurrenceornon・ocgurrencebfF'centerlumines-
2-15
明 治 大 学 科 学 技 術 研 究 所 紀 要Vol.16No.2
cenceinioniccrystals27).Moreover,asremarkedbyToyozawa15a),thenon・diagonal
transitionsinducedbytheoperatoroftheIongitudinalradiativedampingr(o)play
importantrolesintheintersystemcrossingandilltheexciton-polaritoninthesense
thatthenon・diagonalmatrixelementsofr(o)dependstronglyontheconfigurationcoor・
dinateorthewavevector.
Ifnecessary,thepresenttheorycanalsotakeaccountoftheeffectofthetrans・
verseradiativedamping(§5.b),whichisoneofthepossiblemechanismsfortransverse
relaxationaccompaniedwithlargeStokesloss,e.g.theradiativetransitionofa2pz
electronVkcentertothelsstatewhenceitfinallyluminescences.
Ontheotherhand,inthestronglycoupledradiation・mattersystemssuchasexciton'
polaritonandskineffectinmetal,wemustsolvetheSchrδdingerequation彫 《『=(H十
HR十HI)●=9Ψ 皿dersomeboundaryconditions.Thistaskwouldbeverydi伍cult
ingenera1.Butsincetheonlyquantitytobeknownisthethermalaverageofthe
chronologicalproductsofIlq(の,thethermalGreenfunctionmethoddevelopedbyKa・
wabata29)andtheauthorl2・30)wouldbemoreusefulinsuchsystems.
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